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Abstract 
High-cycle fatigue properties of Alloy 718 plate and its electron beam (EB) welded joint were investigated at 293 K and 77 K 
under uniaxial loading. At 293 K, the high-cycle fatigue strength of the EB welded joint with the post heat treatment exhibited 
somewhat lower values than that of the base metal. The fatigue strengths of both samples basically increased at 77 K. However, 
in longer life region, the EB welded joint fractured from a blow hole formed in the welded zone, resulting in almost the same 
fatigue strength at 107 cycles as that at 293 K. 
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1. Introduction 
Ni-base superalloy 718 (Alloy 718) is a precipitation-strengthened material mainly deriving from J’-Ni3Al (L12) 
and J’’ -Ni3Nb (J’’: DO22) precipitates (Cozar 1973). This alloy has been widely used in gas turbines and jet engines 
with temperature range up to 923 K, because of its high temperature strength and corrosion resistance. This alloy is 
also used for some cryogenic applications in aerospace industry, since this alloy exhibits high strength at cryogenic 
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temperatures and good weldability (Tobler 1976 and Bae 2014). Actually, Alloy 718 is used for many engines 
components for Japan's H-IIA and H-IIB launch vehicles in the form of forging, casting, plate or welded joint, 
depending on their uses. 
Electron beam (EB) welding is one of the important fusion joining processes used for fabrication of those 
aerospace assemblies in Alloy 718. Regarding EB welding in Alloy 718, a lot of researchers have been focused on 
the micro-fissuring behavior in the heat-affected-zone (HAZ). This behavior is related with grain boundary 
segregation of specific elements (Benhadad 2002), travel speed during EB welding (Richards 1992), grain size of 
base metal (Thompson 1985) and so on. 
In this study, Alloy 718 base metal and an EB welded joint were prepared taking the above mentioned factors into 
account as much as possible. Tensile properties and high-cycle fatigue properties of the samples with post heat 
treatment (a solution treatment and a double aging treatment) were investigated at 293 K and 77 K. Understanding of 
these properties and fracture mechanisms in the base metal and the EB welded joint was the most demanding part of 
this research. 
2. Experimental procedure 
The as-received Alloy 718 plate of 10 mm thickness was solution-treated at 1253 K for 30 minutes, followed by 
water quenching. The chemical composition of that plate is shown in Table 1. The EB welding was performed along 
rolling direction (RD) of the plate with beam parameters of 50 kV and 90 mA and travel speed of 0.5 m/min. The 
base metal and the EB welded joints were subjected to the post heat treatment; solution-treatment at 1228 K for 30 
minutes, followed by air-cooling and the double aging treatment at 993 K for 8 hours and afterwards 893 K for 8 
hours, followed by air-cooling.  
 
A macroscopic image of the post heat-treated EB welded joint is shown in Fig. 1(a). The observation direction of 
this image was parallel to the RD. Fig. 1 also shows the dimensions and sampling direction of tensile (b) and high-
fatigue (c) test specimens. The longitudinal direction of those specimens is parallel to transverse direction (TD) of 
the plate. Tensile tests and fatigue tests were carried out at 293 K and 77 K. Tensile tests were performed at an initial 
strain rate of 4.2 x 10-4 s-1. Fatigue tests were conducted up to 107 cycles using sinusoidal waveform loading and 
uniaxial tension-compression loading under stress ratio (R) of -1. Test frequencies were 20 Hz at 293 K and 10 Hz at 
77 K.  Hardness distribution in the EB welded joints was measured with an indenting load of 0.9807 N (100 g). The 
microstructure was observed with an optical microscope and a scanning electron microscope (SEM). Fracture 
surfaces were observed with the SEM.  
3. Results and discussion 
3.1. Microstructure 
The width of the weld zone at the mid-thickness of the plate is around 2 mm, as shown in Fig. 1(a). Fig. 2 shows 
cross-sectional micrographs of the base metal, the weld zone and the heat-affected zone (HAZ) in the as-weld (a) 
and the post heat-treated (b) EB welded joints. The grain size of the base metal hardly changed after the post heat-
treatment. The mean grain size of the base metal is 25 Pm. The solution treatment temperatures for the as-received 
plate and for the EB welded joints as the post heat treatment were lower than G solvus, which was reported around 
1283 K (Mosser 1989). Therefore, plate-like delta-phase (G: Ni3Nb) was observed mainly along grain boundaries in 
the base metal and they pinned the grain boundaries during the solution treatment at 1228 K. Nb-enriched MC-type 
carbides were also observed throughout the base metal. 
           Table 1. Chemical composition of Alloy 718 plate used in this study (mass%). 
 
1030   Yoshinori Ono et al. /  Physics Procedia  67 ( 2015 )  1028 – 1035 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Cross-sectional image of the post heat-treated Alloy718 EB welded joint (a), dimensions and sampling direction of the specimens for 
tensile test (b) and high-cycle fatigue test (c). 
  
Fig. 2. Cross-sectional micrographs of base metal, weld zone and HAZ in the as-weld (a) and the post heat-treated 
(b) Alloy 718 EB welded joint. 
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In the weld zone, a dendritic structure was observed and Laves phase particles and plate-like G-phase (Huang 
1992) were present mainly in the inter-dendritic regions, as shown in Fig. 3. There is obvious difference of etched 
conditions between the weld zone and the base metal in the as-weld condition, as shown in Fig. 2(a). This is the 
HAZ of the EB welded joint and its width is around 100 Pm. After the post heat treatment, the HAZ is not clear 
even after etching but slightly coarsened grains were observed.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.2. Hardness distribution and tensile properties 
Fig. 4 shows hardness distribution measured along the normal to the weld line at the mid-thickness. The hardness 
of the as-received plate was about 260 HV. After EB welding, the hardness of the weld zone exhibited nearly the 
same as that of the base metal. The hardness of HAZ exhibited slightly lower values than that of the base metal. 
After the post heat treatment, the hardness of the base metal and the HAZ increased to around 480 HV due to the 
precipitation hardening. The hardness of the weld zone looked lower in this case. But, it was confirmed that it was 
almost the same as that of the base metal in the test with higher indenting load. 
Tensile properties of the base metal and the EB welded joint are summarized in Table 2. All values are averages 
over three specimens. With a decrease in temperature and 0.2% proof stress, the tensile strength and elongation tend 
to increase in both samples. Some researchers already reported the improvements in these tensile properties at 77 K  
  
Fig. 3. Backscattered electron image showing the microstructure of inter-dendritic region in the post heat-treated 
welded joint. 
  
Fig. 4. Hardness distribution measured along the normal to the weld line at the mid-thickness in the EB welded joint. 
Loading direction in hardness tests was parallel to the RD of the plate. 
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(Tobler 1976, Suzuki 2000 and Ono 2004). On the other hand the area slightly decreases at 77 K comparing to that 
at 293 K. The 0.2% proof stress and the tensile strength of the EB welded joint reached about 94% of those of the 
base metal at both temperatures. The elongation and the reduction of the area of the EB welded joint are lower than 
those of the base metal. Especially, the elongation of the EB welded joint is almost half of that of the base metal at 
both temperatures. All EB welded joint specimens fractured from the weld zone.  
3.3. High-cycle fatigue properties 
Fig. 5 shows the results of the high-cycle fatigue tests at 293 K (a) and 77 K (b). At 293 K, the base metal 
appears to exhibit a fatigue limit, since the flat region is confirmed in the 106 to 107 cycles range. The high-cycle 
fatigue strength of the EB welded joint was somewhat lower than that of the base metal the same as its static 
strengths (0.2% proof stress and tensile strength) was. Fatigue crack initiated from the surface for all specimens 
fractured at 293 K. Fig. 7 shows the fracture surfaces of the base metal (a), (c) and the EB welded joint (b), (d) 
fatigue-tested at 293 K. In the EB welded joint shown in Fig. 6, cross-sectional microstructure observation revealed 
that fatigue crack initiation occurred in the weld zone. The crack initiation site indicated by an arrow in Fig. 7 (c) 
and (d) appears as a flat facet and is inclined to the loading axis. Microstructural cracking in the matrix seems to 
occur along a specific crystallographic plane, because no inclusions or precipitates such as Nb-enriched MC-type 
carbides, Laves phase particles or G-phase plate were observed at the fatigue crack initiation site. Regarding the 
fatigue crack initiation in Alloy 718 base metal, it was reported that facets were formed through trans-granular 
cracking in high-cycle fatigue (Ono 2004 and Kawagoishi 2009) and by twinning in strain-controlled low-cycle 
fatigue at room temperature (Fournier 1977). 
 
  
Fig. 5. S-N diagrams of the Alloy 718 base metal and EB welded joint obtained at 293 K (a) and 77 K (b). 
               Table 2. Tensile properties of the base metal and EB welded joint. 
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 In the two EB welded joints, fatigue fracture was confirmed also in the HAZ, as shown in Fig. 6. But they 
exhibited similar fatigue properties to those fatigue-fractured in the weld zone. Therefore, it is supposed that fatigue 
properties of the EB welded joint are irrespective of crack initiation regions at 293 K.  
 
 
  
 
Fig. 6. Microstructure beneath the fatigue crack initiation site of the EB welded joint fatigue-tested at 293 K;  
σa=550 MPa, Nf=1.41 x 106 cycles. 
  
 
Fig. 7. SEM graphs showing the fracture surfaces and the vicinity of the fatigue crack initiation site of the specimens tested at 293 K; 
          (a), (c) base metal, σa=590 MPa, Nf=4.69 x 105 cycles;  (b), (d) EB welded joint, σa =525 MPa, Nf =1.06 x 106 cycles. 
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As shown in Fig. 5, the high-cycle fatigue strength of these samples basically increased at 77 K though exceptions 
exist. The fatigue strength of the EB welded joints was lower than that of the base metal. The S-N curves of both 
samples were observed to continuously decrease over the 107 cycles. It seems that there are no distinct fatigue limit 
for those samples at 77 K. At high stress amplitude, the specimens of both samples fractured from the surface the 
same as they did at 293 K. However, subsurface crack initiation occurred at low stress amplitude. This tendency of 
the metallic materials showing subsurface crack initiation at low temperature was reported previously 
(Umezawa 1997). Nevertheless, the mechanism of this tendency has not been clarified yet. 
Cases were reported where the shape of the S-N curve remarkably changes corresponding to the crack initiation 
site in metallic materials (Atrens 1983 and Shiozawa 2002) and such curve is named ‘duplex S-N curve’ (Shiozawa 
2002). In the base metal of Alloy 718 plate, however, there are hardly any clear shape changes in its S-N curve 
depending on the shift of fatigue crack initiation site.  
Concerning the EB welded joints tested at 77 K, there are also no marked variations in the shape of S-N curve 
regardless of the location (surface or subsurface) and the specimen region (weld zone, HAZ or base metal) of the 
fatigue crack initiation, except for data of the specimens in which crack initiated at weld defect.  
Fig. 8 shows SEM micrographs showing the crack initiation sites of the specimens tested at a stress-amplitude of 
700 MPa. In the specimen fractured in longer life, a facet was observed at the crack initiation site (a). On the other 
hand, a blow hole was found in the specimen fractured in shorter life (b).  
It was reported that Stage I crack grows until certain critical size, which depends on maximum cyclic stress 
range, and then shifts to crack propagation as Stage II in which crack propagates normal to applied stress axis 
(Umezawa 1997). Fracture surface around the blow hole looks flat and perpendicular to the stress axis. This implies 
that the blow hole acted sufficiently as a Stage I crack with the critical size under this test condition. The fatigue 
crack propagation as Stage II from the beginning of the cyclic test. In Fig. 5 (b), S-N data with an asterisk means that 
the crack initiated at the blow hole and this weld defect shortens the fatigue life by reducing the life for formation 
and growth of the Stage I crack. As a result, the fatigue strength at 107 cycles at 77 K became the same level as that at 
293 K, in spite of high static strength. 
It is reported that the pre-existing defects in materials such as microcrack and inclusion tend to deteriorate high-
cycle fatigue strength more remarkably, if the static strength of the materials become much higher (Murakami 
1989). It could thus be concluded that fatigue crack initiation from the blow hole tends to be caused more frequently 
at low temperatures, supposedly related with an increase in the static strength and degrades the high-cycle fatigue 
strength of the EBW joint. 
4. Summary 
The 0.2% proof stress, the tensile strength and the elongation of the base metal and the EB welded joint increased 
with a decrease of temperature. The 0.2% proof stress and the tensile strength of the EB welded joint reached about 
94 % of those of the base metal at 293 K and 77 K. The high-cycle fatigue strength of the EB welded joint was 
  
Fig. 8. SEM micrographs showing the vicinity of the subsurface crack initiation site of the EB welded joints tested at 77 K; 
(a) σa=700 MPa, Nf=1.76 x 106 cycles;  (b) σa =700 MPa, Nf =7.00 x 105 cycles. 
 Yoshinori Ono et al. /  Physics Procedia  67 ( 2015 )  1028 – 1035 1035
slightly lower than that of the base metal at 293 K. At 77 K, the high-cycle fatigue strength of both samples 
increased the same as the static strength did. In the EBW welded joint, however, fatigue crack initiation from the 
blow hole occurred more frequently and degraded the high-cycle fatigue strength, resulting in almost the same 
fatigue strength at 107 cycles as that at 293 K.  
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